Proteins fold into three-dimensional structures in a funneled energy landscape. This landscape is also used for functional activity. Frustration in this landscape can arise from the competing evolutionary pressures of biological function and reliable folding. Thus, the ensemble of partially folded states can populate multiple routes on this journey to the native state. Although protein folding kinetics experiments have shown the presence of such routes for several proteins, there has been sparse information about the structural diversity of these routes. In addition, why a given protein populates a particular route more often than another protein of similar structure and sequence is not clear. Whereas multiple routes are observed in theoretical studies on the folding of interleukin-1β (IL-1β), experimental results indicate one dominant route where the central portion of the protein folds first, and is then followed by closure of the barrel in this β-trefoil fold. Here we show, using a combination of computation and experiment, that the presence of functionally important regions like the β-bulge in the signaling protein IL-1β strongly influences the choice of folding routes. By deleting the β-bulge, we directly observe the presence of routeswitching. This route-switching provides a direct link between route selection and the folding and functional landscapes of a protein.
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pulse-labeling | geometric frustration T he energy landscape theory and the funnel concept provide a solution to the protein folding search problem (1) . The presence of multiple routes to the native state within this funnel is evident in both simulation and experimental studies (2) and is thought to add to the robustness of the landscape. The question remains, what factors control the route selection for folding? There is speculation that functional residues are a hindrance to folding and may add heterogeneity and roughness to the landscape (2) (3) (4) (5) (6) (7) (8) . These residues need to be conserved for the protein to function correctly and therefore cannot be optimized for folding. However, the rest of the protein can evolve to make folding more efficient by making the energy landscape more funneled. Thus, it is possible that the most frustrated parts of the protein are the functional sites within the native structure. We hypothesize that functional regions within a protein that are geometrically frustrated drive route selection.
The 12 β-stranded inflammatory cytokine, interleukin-1β (IL-1β), is an excellent system to probe the modulation of the folding landscape by perturbing functional regions. Structure-based models (where native interactions dominate the energy function) have identified the functionally important β-bulge (located between β-strands 4 and 5) as a region that is geometrically frustrated and suggest that contacts with this region direct folding route selection (9, 10) . Deletion of the β-bulge maintains high affinity receptor binding but abrogates signaling activity, effectively converting the agonist into an antagonist molecule (11) . To experimentally probe the malleability of the folding process and how it relates to function, we have undertaken a series of folding kinetic experiments of IL-1β with [wild-type (WT) IL-1β] and without the β-bulge (IL-1βΔB).
Results and Discussion
Characterization of the Functional-Deletion Variant of IL-1β. IL-1β contains three trefoil subunits (βββ-loop-β), in which six β-strands (strands 1, 4, 5, 8, 9, 12) form the barrel and six β-strands (strands 2, 3, 6, 7, 10, 11) form a hairpin cap (12) (13) (14) . The protein populates a well-defined structured intermediate on the folding pathway in which the central strands (β-strands 6-10) form early followed by packing of the N-and C-terminal strands to close the β-barrel (15, 16) . We replaced residues 48-57 of IL-1β, (essentially removing the β-bulge), with the three-residue turn region from the structurally homologous antagonist, IL-1ra ( Fig. 1 A  and B) and then assessed the effects of this functional mutation on the stability, structural integrity, and folding kinetics of the protein. We then compared the thermodynamic stabilities of WT IL-1β and IL-1βΔB to determine the extent to which removal of the geometrically frustrated β-bulge contributes to the integrity of the native state (Fig. 1C) . The protein folding transitions were monitored by the changes in fluorescence intensity as a function of denaturant concentration (17) . A comparative plot of the apparent fraction of unfolded protein, F app , as function of final denaturant concentration is given in Fig. 1D . Equilibrium denaturation data fits to a two-state model for WTand IL-1βΔB. Strikingly, the thermodynamic stabilities are well within error of each other. The overall global fold of this deletion construct, IL-1βΔB, remains similar to WT based on the chemical shift dispersion, sequence-specific assignments, and chemical shift pattern in the respective 1 H-15 N heteronuclear sequential quantum correlation (HSQC) NMR spectra (Fig. 1D ). Taken together, the equilibrium folding and NMR data indicate that the deletion of the β-bulge and its replacement with the IL-1Ra β-turn has minimal effects on the overall stability or global fold of the native state.
Contrasting Folding Behaviors of Variant and WT Proteins. Folding of IL-1β has been well-characterized experimentally and determined to populate an on-route kinetic intermediate ensemble with the central trefoil, β-strands 6-10, forming early, followed by slow transition to the native state (15, 16) . Additionally, structure-based computer simulations were in good agreement with experimental data, accurately predicting the same intermediate (18) . To assess differences in the contact formation between proteins, structure-based models, which have had considerable success in expanding our understanding of protein folding, were employed. A comparative folding analysis of the structure-based models for both WT and IL-1βΔB show that the β-trefoil barrel (as denoted by the formation of the contacts between the N-and C-terminal strand contacts and other long-ranged contacts, Fig. S1 ) is formed significantly later in WT IL-1β as compared to IL-1βΔB ( Fig. 2A) , signifying a change in the folding mechanism.
We experimentally assessed the effects of this functional-deletion on the folding mechanism with respect to that observed for the WT protein using fluorescence-detected stopped-flow experiments. Fig. 2B shows the first 5 s of the refolding reaction upon dilution of denatured protein from 2.2 to 0.3 M Gdn-HCl for WT (black) and IL-1βΔB (cyan). Faster folding for the functionaldeletion protein is immediately obvious. A plot of the logarithm of the observed rate constants for refolding and unfolding as a function of final denaturant concentration is given in Fig. 2C . Despite equivalent thermodynamic stabilities, the functionaldeletion clearly demonstrates faster kinetics in unfolding (lower right) and in the early phase of refolding (Fig. 2C, upper left) , as compared to the WT. These data suggest that whereas the overall native state thermodynamic stability is the same, the kinetic landscape has been significantly altered. The differences in the kinetic landscape may reflect alterations in the development of hydrophobic surfaces during folding. These can be assessed by fluorescence-detected 1-anilino-8-naphthalene sulfonate (ANS) binding experiments. ANS first binds partially folded intermediate states and usually completely dissociates once the native state ensemble is formed (19, 20) . In IL-1β, ANS binds to hydrophobic clusters associated with the solvent exposed intermediate, resulting in a large change in fluorescence intensity upon binding (21) . In Fig. 2D , the formation of the intermediate species during folding differs for IL-1βΔB compared to WT IL-1β, as evidenced by changes in ANS fluorescence during folding. In IL-1βΔB we observe more rapid binding and subsequent release of the fluorophore. The faster binding of ANS is consistent with faster formation of the intermediate for IL-1βΔB as shown in Fig. 2C . However, the more rapid release of ANS for IL-1βΔB in Fig. 2D suggests that although the overall native state thermodynamic stability is the same, the altered kinetic landscape reflects not only different rates of intermediate formation but differences in the transition states and the intermediates populated during folding as well.
Experimental Evidence of Route-Switching in IL-1βΔB. In an effort to determine if the functional-deletion alters the nature of the intermediate species as predicted from current simulation (Fig. S2) and as suggested by the folding kinetics described above, we pursued a structural characterization approach. Site-specific details of folding can be captured by rapid quench hydrogen-deuterium exchange (HDX) pulse labeling experiments where one can follow the time course of backbone amide proton protection during refolding (15, 16, 22, 23) . Results from these experiments identify structural regions that are involved in timed-folding events. Secondary structure formation can be well-characterized using this technique where a structured intermediate was identified and characterized by early protection in β-strands 6-10 followed by barrel closure (β-strands 1-4, 11,12) for WT IL-1β (15, 16). Fig. 3 depicts the residue-specific detail captured by HDX pulse labeling and NMR analysis on ribbon diagrams of WT and IL-1βΔB proteins under our current experimental conditions. Both proteins have a similar subdomain of early protection (refolding time of 28 ms), which is correlated to the central trefoil subunit (β-strands 5-7) (Fig. 3, blue β-strands) containing the proposed hydrophobic zipper, a region rich in leucines (24) . Strikingly, there are key differences in the folding routes populated for these two proteins. WT IL-1β closes the barrel late in folding (refolding time of 157 ms) (Fig. 3A, Lower Right, red β-strands) . Conversely, IL-1βΔB closes the barrel via early protection of the terminalends, β-strands 1,4, and 12 ( Fig. 3 A, Upper Left and B, green  β-strands) . The glaring structural differences in folding routes between proteins are clearly evident when the strands showing early protection are mapped back onto a contact map (Fig. 3B) . Early protection of the terminal-ends for IL-1βΔB is consistent with the barrel closure route where folding proceeds by a more symmetry-driven route (9, 10, 25) Early collapse of the central region for the WT IL-1β is consistent with the functional-route where strands responsible for functional loop orientation dominate folding (9, 10) .
Conclusion
Similar to conflicts in which multiple routes, backtracking, and the details of the landscape are significant elements in controlling the outcome of the battle, the shared functional-folding landscape in IL-1β is controlled by the battle of the β-bulge. That is, the presence of the β-bulge in the native protein imparts geometric frustration and dominates the landscape, fighting against folding via the preferred ends-together route (10) . Removal of this geometric frustration leads to a more symmetric protein where increased route diversity (25) promotes selection of the favored route and functional-swapping (agonist to antagonist). We show route-switching as a result of the deletion of a signaling loop and reveal the delicate energetic balance of the shared function/folding landscape (Fig. 4) . This finding suggests that analysis of frustration within folding landscapes can help reveal Fig. 3 . Experimental data mapped onto the structure and contact map demonstrating route-switching as a result of removal of the functional β-bulge. Results of quenched-flow HDX pulse-labeling and NMR-detected folding studies of WT IL-1β and IL-1βΔB mapped onto the ribbon diagram. (A) Green and blue represent strands formed early (refolding time ¼ 28 ms) whereas red represents late formation (refolding time ¼ 157 ms), respectively, during refolding. Both proteins demonstrate early protection from exchange in a common subdomain encompassing β-strands 5, 6, and 7 (blue strands). However, the two proteins diverge in that IL-1βΔB closes the terminal β-strands (1, 4, and 12) and seals the barrel early, (Upper Left, green β-strands). In WT, the terminal ends do not come together until late (Lower Right, red β-strands). (B) Following the same color scheme, the pulse-labeling results mapped onto a contact map and a rotated orientation of the molecule clearly indicate the different early protection patterns for the proteins. For IL-1βΔB (Upper), green is seen at the edges of the contact map consistent with the terminal ends coming together first. For WT (Lower), green is seen clustered around contacts within the central trefoil strands. A comparison of these results with simulations is shown in Fig. S2 .
unique sites of functional control in proteins (7) . These results also demonstrate how pathway malleability provides robustness to the folding landscape by giving proteins a way to get to the folded state even when a particular route is blocked because of functional requirements.
Materials and Methods
The construct of IL-1β with the β-bulge deletion was constructed and purified following previous protocol (26) and further outlined in SI Materials and Methods. Equilibrium unfolding titrations were measured using average fluorescence wavelength as previously described (17) . The data were fit to a two-state model as described (27) using in-house software. Stopped-flow fluorescence-detected refolding, manual-mixing fluorescence-detected refolding/unfolding kinetics, and ANS stopped-flow fluorescence-detected refolding studies were carried out as previously described (21) and further detailed in SI Materials and Methods. Manual-mixing and stopped-flow fluorescence kinetic data were fit as previously described (17) NMR 1 H-15 N HSQC experiments were performed similar to previous experiments (28) for WT and the deletion construct of IL-1β. Quenched-flow mixing was performed following previously published protocol (15, 16) with some minor modifications outlined in SI Materials and Methods. All NMR experiments were processed as previously described (26) . The details of the computational models of WT IL-1β and IL-1βΔB model and the simulation procedures are given elsewhere (9, 29) and in SI Materials and Methods. Fig. 4 . A schematic road map showing the route bifurcation in IL-1β caused by the interplay between folding and function. For WT IL-1β, function drives folding toward a route that is unique to IL-1β [and which includes an initial backtracking event (9, 26) omitted here for simplicity]. In this route (depicted on the right), geometric frustration attributed to the packing of the functional loop forces selection of this route most often. Deletion of the sixresidue functional β-bulge allows the mutant IL-1βΔB to fold by the terminal ends (route to the left), a more symmetrical and energetically favorable pathway. This switch in folding routes upon structurally minor but functionally major mutation is experimentally demonstrated in this report.
